2+ -dependent catechol-O-methyltransferases occur in animals as well as in bacteria, fungi and plants, often with a pronounced selectivity towards one of the substrate's hydroxyl groups. Here, we show that the bacterial MxSafC exhibits excellent regioselectivity for para as well as for meta methylation, depending on the substrate's characteristics. The crystal structure of MxSafC was solved in apo and in holo form. The structure complexed with a full set of substrates clearly illustrates the plasticity of the active site region. The awareness that a wide range of factors influences the regioselectivity will aid the further development of catechol-O-methyltransferases as well as other methyltransferases as selective and efficient biocatalysts for chemical synthesis.
subgroup of catechol OMTs is the dependence on divalent metal cations (e.g. Mg 2+ ) that are necessary for the coordination and activation of the catechol substrate. These enzymes can be found in animals, plants and fungi as well as in bacteria [3] [4] [5] [6] [7] [8] [9] . Most of them have been characterised regarding their substrate range; in several cases also the three-dimensional structure has been solved (Table S2 ). The irreversible methyl transfer onto one of the catechol hydroxyl groups follows an S N 2-type mechanism and often occurs with high regioselectivity (Fig. 1 ) [1] . The molecular basis for the regioselectivity in combination with a well-balanced substrate promiscuity is of particular interest regarding catechol OMT-catalysed reactions [7, [10] [11] [12] .
Due to their importance in mammalian metabolism, for example, in the inactivation of neurotransmitters such as dopamine, animal catechol OMTs (COMTs) have been investigated in detail since 1959 [13, 14] . A set of comprehensive studies (mainly with soluble rat liver COMT, RnCOMT) carried out by the group of Creveling revealed that animal COMTs catalyse the methylation in meta or para position of the catechols with a meta preference for most substrates tested [9, 11] . The side chain at the aromatic catechol core seems to be a key discriminator that causes specific interaction with the enzyme's active site, where the substrate residue can either be directed towards a socalled hydrophobic wall or towards the solvent [15] [16] [17] . Side chains prone to ionisation tend to orient in the direction of the solvent: representative examples are catechol amines that are meta methylated with high regioisomeric excess (re) by eukaryotic COMTs. Para methylation is observed to a higher extent for neutral or hydrophobic residues [9, 11] . Several studies aiming at the elucidation of structure-activity relationships have been carried out in order to generate improved meta or para-selective variants of animal COMTs [17, 18] .
In plants, OMTs are involved in the biosynthesis of lignin precursors [19] , flavonoids [20, 21] and aroma compounds such as vanillin [22] . Joshi and Chiang have classified plant OMTs that are sequentially and structurally related to animal COMTs as the plant OMT I family [23] . This includes the very specific caffeoyl/5-hydroxyferulolyl coenzyme A ester OMTs that are described to be strictly meta selective, which is coherent with their function in lignin biosynthesis [23] [24] [25] . In addition, the OMT I group also contains paraselective enzymes such as NpN4OMT1 from Narcissus sp. aff. pseudonarcissus [5] .
An OMT showing similar characteristics including its sequence and structure has been isolated from the fungus Podospora anserina. The enzyme (PaMTH1) has been suggested to be involved in the avoidance of hydroxyl radical formation; its physiological substrate and preferences regarding its regioselectivity are not determined yet [3] .
Catechol-O-methyltransferase-like enzymes are also found in bacteria, such as LiOMT from the pathogen Leptospira interrogans [4] , or SynOMT from the cyanobacterium Synechocystis sp. PCC 6803, which shows moderate regioselectivity favouring the para position [6] . The closely related (49% identity on amino acid level) MxSafC from the saframycin biosynthetic pathway in Myxococcus xanthus is strictly para selective for its physiological substrate L-dopa and structurally similar substances such as dopamine 1a, whereas for caffeic acid 1e a lower re but still a preference for para methylation was described [7] . Recent results from our group confirmed the general para selectivity of MxSafC for the substrates dopamine 1a and dihydrocaffeic acid 1d [7, 26] . However, for the case of 3,4-dihydroxybenzoic acid 1b, MxSafC showed a strong preference for the meta position of the substrate, which was even more pronounced than in the case of RnCOMT [26] . 
Materials and methods

Protein production and purification
MxSafC, RnCOMT and EcMTAN were produced and purified as described previously [26] . Inserts for the variants MxSafC-K145A and RnCOMT-K144A were generated by overlap extension PCR using the following primers:
After treatment with the corresponding restriction enzymes, the modified inserts were ligated into pET28a(+) with T4 Ligase (NEB, Ipswich, ME, USA). Ligation products were transformed in electro-competent Escherichia coli DH5a (Invitrogen, Carlsbad, CA, USA) via electroporation (1700 V, 5 ms time constant). Plasmids were isolated and sequenced (MWG Eurofins, Ebersberg, Germany). Proteins were produced in E. coli BL21(DE3) analogous to the wildtype (WT) proteins (Fig. S1 ). 
Enzyme assays
HPLC analysis
Reactions with dopamine were separated on an Agilent 1100 Series HPLC equipped with a Sphere-Image 5l SCX column, as described previously [27] . All other reactions were analysed on an Agilent 1200 Series HPLC using a Multohigh 100 SCX column as described previously [26] (an example chromatogram is shown in Fig. S5 ) was used. For all compounds, a calibration was performed using authentic standards. Product concentrations were determined relative to the total concentration of substrate and products.
Crystallisation and data collection
MxSafC was crystallised by vapour diffusion using the sitting drop method. The precipitant solution contained 12% (w/v) poly(ethylene glycol) monomethyl ether 5000 and 0.1 M sodium acetate buffer at pH 5.5. The protein was used at a concentration of 5 mgÁmL À1 and mixed with the reservoir solution in a ratio of 1 : 1. For cocrystallisation MxSafC was mixed with SAM (10 mM), dopamine (10 mM), MgCl 2 (10 mM) and dithiothreitol (1 mM) prior to crystallisation. Crystals were obtained within 2 days. Crystals were harvested with a nylon loop into a solution containing 10% (v/v) of (2R,3R)-butane diol as a cryoprotectant and flash-cooled in liquid nitrogen. Data were collected at the Swiss Light Source (Paul-Scherrer-Institut, Villigen, Switzerland), either at beam line X06DA with a Pilatus 2M detector or at beam line X06SA with a Pilatus 6M detector (Dectris, Baden-Da¨ttwil, Switzerland). Around 360°of data were collected with 0.5°oscillation per image.
Data processing and structure solution
Images were indexed and integrated using XDS [28] and scaled with AIMLESS [29] . Phase information was obtained by molecular replacement using pdb entry 2hnk [4] as a search model with the program MOLREP [30] from the CCP4 suite [31] . For the substrate complex, the structure of the apo protein was used as the replacement model. Structures were built in COOT [32] and refined with AUTOBUSTER [33] . The difference map for the dopamine-binding site was calculated with autoBUSTER by a ligand-chasing method using the argument -Lpdb [33] . All figures were prepared with PYMOL (PyMol Molecular Graphics System, Cambridge, ME, USA).
Results and Discussion
To get further insight into the regioselectivity of MxSafC, we now tested a broader range of catechol substrates for the methylation reaction (Fig. 1) . The soluble isoform of RnCOMT served as a comparison for all assays. In comparison to dihydrocaffeic acid 1d (three-carbon acidic side chain), the MxSafC-catalysed methylation of the 3,4-dihydroxybenzoic acid 1b (onecarbon acidic side chain) resulted in an unexpected meta preference. Consequently, 3,4-dihydroxyphenylacetic acid 1c, featuring an acidic two-carbon side chain was tested. Caffeic acid 1e (unsaturated acidic side chain) and 3,4-dihydroxybenzaldehyde 1f were also included in the assays. Regarding molecule size, the benzaldehyde 1f is similar to the benzoic acid 1b, but differs substantially with respect to mesomeric effects, as the side chain cannot be deprotonated. In all assays, methylthioadenosine/S-adenosylhomocysteine nucleosidase from E. coli (EcMTAN) was added as a coupling enzyme to convert the inhibitory byproduct S-adenosylhomocysteine (SAH) [34] to S-ribosylhomocysteine and adenine. The beneficial influence of EcMTAN, especially for MxSafC-catalysed reactions, has been shown previously [26] .
As expected, RnCOMT showed meta selectivity towards all substrates tested (Fig. 2) . The regioselectivity varied with regard to the substrate (after 4 h re between 86% and 19% for 1c and 1e, respectively) and conversions ranged from 22% to 53% after 24 h.
MxSafC lead to different substitution patterns and its regioselectivity is modulated by the chemical nature of the substrate (Fig. 2 ). In accordance with previous results, high para selectivities were obtained for dopamine 1a and dihydrocaffeic acid 1d (re À88% and À83%, respectively) [7, 26] . The enzyme also shows high para selectivity for 1c (À84% after 1 h). As described before, the MxSafC-catalysed methylation of caffeic acid 1e proceeds in a rather unselective manner, however, still with a significant preference for the para product (re À30% after 1 h, À50% in [7] ). Both substrates featuring a one-carbon side chain (1b and 1f) are preferably methylated in the meta position. While the re observed for the benzaldehyde 1f is in the same range as in the case of RnCOMT, for the benzoic acid 1b even higher re values for the meta product were obtained with MxSafC (re 98% after 1 h).
All assays were carried out using equimolar amounts of catechol substrate and SAM (each 2 mM). By modifying these conditions, such as using less substrate and increasing the SAM concentration, higher conversions can be achieved, but without a significant change in the re values (comparative data for the MxSafC-catalysed methylation of 1b and 1d are shown in Table S4 ).
In addition to the nature of the catechol side chain, the influence of buffer components, in particular cations such as Na + and K + , as well as the pH value, on the activity and regioselectivity of animal COMTs, has been shown [35] . Our results support these data, as in the assay described above at pH 7, RnCOMT accepted 1d as a substrate, while it was not, or only hardly converted at pH 8 containing additionally KCl [26] . For MxSafC, only a moderate influence of the reaction conditions on the regioselectivity was observed: at pH 8, higher amounts of para product were produced using the benzoic acid 1b and dopamine 1a as substrates (Table S3) .
As a control, active site variants of RnCOMT and MxSafC were generated, in which the putative catalytic lysine residue [36] was exchanged for an alanine (K144 in RnCOMT, K145 in MxSafC). The exact role of this strictly conserved residue (Fig. S2) is debated in literature. It is generally accepted that the basic residue is involved in the abstraction of a proton from the hydroxyl group to be methylated; however, it is not entirely clear if the residue is essential for catalysis or only plays an accessory role [17, 18, [36] [37] [38] . The postulation that the conserved lysine is part of a catalytic triad is supported by the fact that the residues in question are strictly conserved in all Mg 2+ -dependent OMTs [39] . We observed that the remaining activity of the lysine to alanine variants ranges from 0% to 7% of the corresponding WT activity, depending on the substrate. In most cases, the remaining activity of the alanine variants is in the same range as the control reaction without enzymes (Fig. 2) . SAM has previously been described to cause a small amount of nonenzymatic methylation by itself [40, 41] . The most significant nonenzymatic methylations were observed for 1c, 1e and 1f (4%, 2% and 1%, respectively). Interestingly, the nonenzymatic methylation of 1c was rather unselective (re 31%), while in the case of 1e and 1f, only the para product was detected. This could be explained by the increased acidity of the para hydroxyl group due to an increased stability of the corresponding anion via a mesomeric effect. Particularly notable is the activity of the RnCOMT K144A variant towards the aldehyde 1f that was also observed in other studies [17] . However, in the case of MxSafC, the conversion detected with the alanine variant is in the same range as the nonenzymatic control (Fig. 2) .
In a parallel approach, the crystal structure of the MxSafC protein was solved to a resolution of 1.3 A (pdb-ID 5lhm). The overall structure of MxSafC is very similar to available structures from animal COMTs [15, 36] , plant OMT I enzymes [25] , PaMTH1 from the fungus P. anserina [3] , as well as the bacterial enzymes SynOMT from Synechocystis sp. PCC 6803 [6] A) that was used as a model for molecular replacement. The structure shows a Rossman fold typical for MTs with a central seven-strand b-sheet (6↑7↓5↑4↑1↑2↑3↑), surrounded by a-helices (Fig. 3A, Fig. S3 ) [1, 25] . In addition to the elucidation of the apo structure, cocrystallisation with SAM and different catechol substrates was carried out.
The amino acids involved in SAM binding that are widely conserved in COMTs/OMT I are also present in MxSafC, including residues G67, S73, D91, D142, D144 and Y151 (Fig. 3D, Fig. S2 ). Although SAM was used for the cocrystallisation experiments, mainly the reaction product SAH was detected in different crystals. A structure that additionally contained a substrate molecule was not that easily obtained. This is consistent with previous reports, in which COMT/ OMT I structures often contain either competitive inhibitors or no catechol substrates at all [4, 15] . However, in one crystal a 40-50% occupancy of the substrate-binding site was achieved. The differential density obtained from AUTOBUSTER [33] agrees well with the structure of dopamine that was used for cocrystallisation (pdb-ID 5log). The position of the ligand dopamine is very similar to the catechol ligand present in SynOMT (pdb-ID 3cbg) or the inhibitor dinitrocatechol from RnCOMT structures (e.g. pdb-ID 1vid). The hydroxyl groups of the catechol coordinate the Mg 2+ and form hydrogen bonds with the side chains from residues D142 and N169, which are also involved in coordinating the Mg 2+ . The strictly conserved catalytic lysine K145 also interacts with the para hydroxyl group of catechol. The meta hydroxyl group is additionally coordinated by the carboxyl group of the peptide backbone from M41 and by two water molecules. The side-chain amino group might be stabilised by T40 (Fig. 3C) .
In general, the catechol-binding pocket forms a deep groove (Fig. 4B ) with the magnesium ion located at the bottom, where the catechol can slot in with its side chain pointing either way: if one direction is favoured, the enzyme will catalyse the reaction in a regiospecific manner. The coordination sphere of the magnesium ion is completed by three conserved amino acids (D142, D168, N169) and a water molecule (Fig. 3B,  Fig. S2 ). The resulting octahedral geometry is a further indication that the ligand is bound in the physiological way, as this is the preferred coordination geometry for magnesium ions [42] and also agrees with other COMT/OMT I structures.
A range of studies has addressed the question which amino acid residues are responsible for the regioselectivity, especially for RnCOMT. While some of the rationally designed variants derived from those studies clearly show altered or improved regioselectivity (e.g. RnCOMT Y200L in [17] ), it is noticeable that these alterations are, to an extent, also substrate dependent. For example, while certain mutations in RnCOMT (W38) lead to a re for the para product using, for example, 1c or 1f as substrate [17] , it was not yet possible to introduce para selectivity in any of these variants for 1b. Interestingly, according to our results the benzoic acid 1b is one of the substrates for which the regioselectivity of the otherwise para-selective enzyme MxSafC is also strictly switched to meta.
In previous studies, a large intrinsic plasticity has been described for animal COMTs. A comprehensive study focused on the complete mapping of the conformational space in RnCOMT and other animal COMTs using structures with different ligand combinations [36] . Depending on the bound ligands, the occurrence of an open (no ligand, apo structure), a half-closed (only SAH) and a closed [SAH and Mg 2+ , or SAM (analogue) and inhibitor] state was proposed. Three loops have been described as highly flexible and responsible for the different conformations in RnCOMT (a2-a3, b6-b7, b5-a8). For the fungal OMT from P. anserina, an apo structure and a structure with SAM/SAH are also available, and moderate conformational changes (also in the a2-a3 loop) were found for the two conformations [3] . Now, an open (apo) and a closed structure (complexed with a full set of ligands) are available for the bacterial enzyme MxSafC. As in RnCOMT, there are significant conformational changes between the open and closed structure, but only one of the flexible loops in RnCOMT is also found to be mobile in MxSafC: the a2-a3 loop (K35-P44) is completely disordered in the apo structure, while the corresponding region in the complexed structure is well defined and carries T40 that interacts with the dopamine side chain. The other flexible loop in MxSafC (b2-a5, corresponding to D91-W96) has not been seen to be involved in the conformational variation for either RnCOMT or the fungal enzyme [3, 36] . In MxSafC, this loop shows a number of residues with different conformations in the apo structure compared to the structure with ligands; it is shifted by approximately 3
A to occupy part of the SAM-binding site. Furthermore, the adjacent b-strand (b2) is slightly tilted. In the apo structure, a large portion of the SAM-binding site is further occupied by an alternative conformation of F69 (Fig. 4A) . The same effect has been described for the corresponding Y75 in PaMTH1 [3] . This amino acid residue is a tyrosine in most other Mg 2+ -dependent OMTs except from bacterial ones and is supposed to be important for catalysis by compacting the active site and so reducing the distance between methyl donor and acceptor [43, 44] . Another factor involved in the regioselectivity of COMTs seems to be the quaternary structure. In solution, animal COMTs have been described to exist as a mixture of monomers and dimers. The dimers are characterised by a C-terminal domain swap, where the b7-strand inserts in the central b-sheet of the other domain [36] . This feature was proposed to be a reason for the higher regioselectivity of the dimeric form in comparison to the monomer [17] . In monomeric animal COMT, the b7-strand is folded back in the monomer (e.g. 1vid). In one structure (4pyk), an additional domain swap at the N terminus is present [36] .
In bacterial and fungal COMTs, a different N-terminal domain swap is observed, forming tight dimers. Among the structures available at present, this interaction is most pronounced in the fungal enzyme, where the N-terminal end is deeply inserted into the other monomer, while this is less pronounced in SynOMT.
The holo MxSafC structure also shows a tight interlock of the N-termini (Fig. 4B) , which is consistent with the observation that MxSafC solely exists as a dimer in solution (Fig. S4 ). In the apo structure, the corresponding residues are not resolved.
It is intriguing to ponder why the animal enzymes form C-terminal domain swaps through the terminal b-strand, while the fungal and bacterial enzymes prefer N-terminal domain swaps with the N-terminal a-helix, which result in a different relative positioning of the monomers. A possible explanation would be that animal COMTs exist both in the soluble form that was primarily investigated, as well as in a longer version featuring an N-terminal membrane anchor, with both isoforms encoded by the same gene [45] . Consequently, the development of an N-terminal connection only for the soluble isoform is less likely. Additionally, in animal COMT, the b6-and b7-strands are considerably longer than in bacterial and plant COMTs, which brings the loop connecting strands b6 and b7 closer to the protein surface.
In summary, MxSafC shows high substrate promiscuity for O-methylation reactions of a broad range of different substituted catechols, and yields both paraand meta-methylated products. All available COMT/ OMT I enzymes, including the one from MxSafC presented here, feature very similar overall three-dimensional structures and active site regions responsible for SAM/SAH and Mg 2+ binding, as well as the flexibility of the a2-a3 loop. Furthermore, the residues that are described to be important for catalysis are strictly conserved: these include the presumed catalytic lysine and two other residues potentially acting as a catalytic triad and the bulky residues behind the active sulphur atom. Significant differences have been described for the anchoring of the catechol substrate's side chain, with a particular focus on the role of the N-terminal amino acids that are often involved in dimerisation [3, 4, 6, 46] . The results obtained for the bacterial MxSafC agree with this trend and show that the modulation of the regioselectivity of MxSafC and other COMTs/OMT I results from the interplay of multiple factors, and are not solely attributed to the enzyme. They also include the molecular structure and characteristics of the substrate, as well as the reaction conditions, but may well not be restricted to these features. The characteristics of the multifunctional and multireactive MxSafC and other COMT/OMT I enzymes can also be clearly understood when this enzyme is seen in the context of metabolic matrices, that enable as much synthetic functionality as possible for the screening for bioactivity [47] . The different catalytic response of COMT/OMT I to ion concentration and other factors indicates that such matrices might act dynamically. Within enzyme cascades, many more aspects responsible for the compatibility of the components have to be considered. The availability of a range of WT enzymes featuring different selectivities, as well as the intrinsic modulation capability of MxSafC towards different substrates regarding its regioselectivity will be an ideal basis for further studies regarding different physiological and nonphysiological substrates. Of particular interest is the excellent selectivity of the MxSafC wild-type with 3,4-dihydroxybenzoic acid (1b), which might make this enzyme an interesting option for the production of vanillin and similar compounds. The (semi-)rational enzyme engineering of MxSafC and related enzymes will certainly have a large potential to design catalysts for the methylation (or alkylation) of a variety of nonphysiological substrates, for example, for the synthesis of flavour compounds and the diversity-oriented synthesis of other selectively methylated bioactive catechols [2, 48] . 
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